Despite evidence that insulin per se may be an important regulator of glomerular hemodynamics, little is known about its direct action on the glomerular afferent arterioles (Af-Art) and efferent arterioles (Ef-Art), the crucial vascular segments that control glomerular hemodynamics. In the present study, we examined the direct effect of physiological concentrations of insulin on isolated microperfused rabbit Af-and Ef-Arts. After cannulation, vessels were equilibrated in insulin-free medium for 30 min. To determine whether insulin causes vasodilation or constriction, increasing doses (5, 20, and 200 ,U/ml) were added to the bath and lumen of arterioles that were either preconstricted to 50% of control diameter with norepinephrine or left nonpreconstricted. Insulin caused no vasoconstriction in either Af-or Ef-Arts, but it reversed norepinephrine-induced constriction in Ef-Arts but not Af-Arts (suggesting a vasodilator action selective to the Ef-Art): at 200 MU/ml, insulin increased Ef-Art luminal diameter by 75.8±7.0% from the preconstricted level (n = 6; P < 0.008). The vasorelaxant effect of insulin on Ef-Arts was not affected by blockade of either endotheliumderived relaxing factor/nitric oxide or prostaglandin synthesis. Despite the lack of effect of insulin on Af-Art when added after the equilibration period, when Af-Arts were equilibrated in the presence of either 20 or 200 MU/ml insulin, their basal diameter was significantly reduced (11.7±0.9 ,m; P < 0.025, n = 6, and 12.0±0.9 Mm; P < 0.025, n = 7, respectively) compared with nontreated Af-Arts (16.2±1.3 Am; n = 7). In conclusion, this study demonstrates that at physiological concentrations, insulin dilates NE-constricted Ef-Arts, while insulin pretreatment enhances Af-Art tone. The disparate actions of insulin on the Af-vs the Ef-Art may contribute to its beneficial effect on glomerular hypertension. (J. Clin. Inwest. 1993. 92:1981
Introduction
The early stages ofboth clinical and experimental diabetes mellitus (1) (2) (3) (4) (5) (6) (7) (8) (9) are characterized by an increase in the GFR. This hyperfiltration is mainly caused by an elevated glomerular plasma flow rate and increased glomerular capillary pressure (even in the presence of normal systemic blood pressure) (3, (6) (7) (8) (9) . Glomerular hypertension may be important in initiation and progression of diabetic nephropathy (10) ; consequently, several studies have attempted to discern the factors leading to glomerular hypertension in early diabetes. One factor that has been incriminated is insulin deficiency per se. Indeed, when insulin was infused into diabetic rats whose plasma glucose concentration was clamped at hyperglycemic levels, it lowered glomerular capillary pressure without affecting systemic blood pressure (7) . In addition, the glomeruli are known to possess abundant insulin receptors ( 1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] that could mediate actions besides glucose transport as in other vascular beds (15) (16) (17) (18) (19) (20) (21) . Taken together, these findings suggest that insulin per se could be an important regulator of glomerular capillary pressure. Yet little is known about the direct effects of insulin on the primary regulators of glomerular capillary pressure, namely the glomerular afferent and efferent arterioles (Af-and Ef-Art). ' The purpose of the present study was to determine the direct effects of insulin on Af-and Ef-Arts in the absence of confounding influences such as tubuloglomerular feedback, neurohormonal influences, and changes in glucose concentrations. For this, we microdissected and perfused rabbit Af-and Ef-Arts in vitro and studied whether insulin per se causes vasodilation or constriction. Since we found that insulin dilated NE-constricted Ef-Arts, we next studied the role of PGs and endothelium-derived relaxing factor/nitric oxide (EDRF/ NO) in insulin-induced dilation of Ef-Arts. Finally, we studied whether insulin modulates the responses ofAf-Arts to vasoconstrictors such as angiotensin II (Ang II) and NE.
Methods

Isolation and microperfusion ofAf-and Ef-Arts
We isolated and microperfused Af-and Ef-Arts using methods similar to those described previously (22) (23) (24) (25) . Briefly, kidneys of young male New Zealand white rabbits ( 1.4-2.2 kg) were removed, sliced along the corticomedullary axis, and the slices were placed in ice-cold minimum essential medium (Gibco Laboratories, Grand Island, NY) containing 5% BSA (Sigma Chemical Co., St. Louis, MO). From Ef-Arts were perfused in an orthograde direction (24) . For this, an Af-Art was microdissected together with the glomerulus and Ef-Art. The Af-Art was cut short (-50 gm) and cannulated as described above, except that the perfusion pipette was advanced to the end ofthe Af-Art. The tip ofthe pressure pipette was placed just beyond the distal end of the Af-Art, and intraluminal pressure at this point was maintained at 40 mmHg throughout the experiment to eliminate the hemodynamic influences of the Af-Art.
The arterioles were perfused with oxygenated medium 199 containing 5% BSA. The bath was identical to the arteriolar perfusate (except that it contained 0.1% BSA) and was exchanged continuously. Microdissection and cannulation of the arteriole were completed within 90 min at 80C, after which the bath was gradually warmed to 370C for the rest of the experiment. Once the temperature was stable, a 45-min equilibration period was allowed before taking any measurements. Images of the arteriole were displayed at magnifications . 1,980 and recorded with a Sony video system consisting ofa camera (DXC-755), monitor (MA PVM-1942Q), and video recorder (EDV-9500). The diameter was measured with an image analysis system (Fryer, Carpentersville, IL).
Experimental protocols
Response ofAf-and Ef-Arts to insulin. After the 45-min equilibration period, increasing doses of regular porcine insulin (5-200 MU/ml; Lilly Corp., Indianapolis, IN) were added to both bath and lumen. Luminal diameter was measured immediately before adding insulin and observed for 30 min at each dose.
Response of preconstricted arterioles to insulin. To determine whether insulin dilates Af-or Ef-Arts, arterioles were preconstricted to approximately 50% of basal diameter by adding NE (Sigma Chemical Co.) to the bath, after which increasing doses ofinsulin (5-200 MU/ml) were added to both bath and lumen for 15 min at each concentration.
Effect ofcyclooxygenase blockade or EDRF/NO synthesis inhibition on insulin-induced dilation ofEf-Arts. Since we found that insulin reversed NE-induced constriction of Ef-but not Af-Art (see Results), we next attempted to determine the mechanism by which insulin relaxes the Ef-Art. To test whether insulin-induced dilation of Ef-Arts is mediated by PGs, the cyclooxygenase inhibitor indomethacin (Sigma Chemical Co.) was added to the bath and arteriolar perfusate at a final concentration of 5 X 10 -5 M from the equilibration period to the end of the experiment. After the equilibration period, Ef-Arts were preconstricted with NE as before, after which increasing concentrations of insulin were added to the bath and lumen for 15 min at each concentration. We have confirmed that this dose of indomethacin blocks the effect of arachidonic acid (lO-4 M) in rabbit Af-Arts (26) .
To determine whether EDRF/NO plays a role in insulin-induced dilation ofEf-Arts, we added the EDRF/ NO synthesis inhibitorNw-nitro-L-arginine methyl ester (L-NAME, l0-4 M) (Sigma Chemical Co.) to the arteriolar perfusate after the equilibration period. The arteriole was then preconstricted with NE, after which increasing concentrations of insulin were added to the bath and lumen as above. We have previously reported that this concentration ofL-NAME abolishes acetylcholine-induced vasodilation in this preparation (23, 24) .
Effect ofinsulin pretreatment on Ang II-and NE-induced constriction in Af-Arts. We tested the possibility that even though insulin caused no constriction or dilation ofAf-Arts, it could modulate vascular response to Ang II or NE. For this, dose-response curves for Ang II and NE were obtained in untreated control Af-Arts and in Af-Arts pretreated with either 20 or 200 ,gU/ml insulin. In these studies, insulin was added to both the bath and arteriolar perfusate and maintained throughout the experiment, including the cannulation procedure and equilibration period (in contrast to the first two protocols, where insulin was added after the equilibration period). Increasing concentrations of either Ang II (Sigma Chemical Co.) or NE were then added to the bath.
Data analysis
Values were expressed as mean±SEM. Paired t tests were used to examine whether the diameter at a given concentration differed from the control value. To test whether groups differed with respect to the rate of change across the various periods, we used univariate repeated measures ANOVA with the Greenhouse-Geisser sphericity correction. For this analysis, each experimental period was represented in terms of its percent change from the control period. Student's two-sample t test was used to examine whether the baseline diameter differed between groups. When more than one comparison was made, Bonferroni's multiple comparison adjustment was used to reduce the significance level.
Results
Response ofAf-and Ef-Arts to insulin. Basal luminal diameter of the Af-Arts was 14.8±0.80 Ium (n = 5), while that of the Ef-Arts was 11.4±1.25 gm (n = 5). Addition of 5, 20, or 200 ,uU/ml insulin had no effect on luminal diameter of Af-Arts (14.5±0.85, 14.9±0.82, and 14.5±0.78 um, respectively) or Ef-Arts ( 1 1.7±1.10, 12.2±1.12, and 12.0±1.13 ,um, respectively).
Response ofpreconstricted Af-and Ef-Arts to insulin. Fig. 1 shows an example of response induced by insulin in Ef-Arts. The top and middle panels show an Ef-Art in its basal state (Control) and after it has been preconstricted with NE, respec- tively. The lower panel shows the same arteriole after the addition of 200 MU/ ml insulin for 15 min. As clearly seen, insulin reversed NE-induced constriction in Ef-Art. with NE to 45.2±4.8% of basal diameter (from 11.5±0.85 to 5.3±0.92 Mm; n = 6), luminal diameter increased in a dose-dependent manner to 6.1±0.93 Mum or 52.2±5.0% (P < 0.017), while it was 11.7±0.91 (n = 6, P < 0.025) and 12.0±0.93 (n = 7, P < 0.025) in Af-Arts pretreated with 20 or 200 MU/ml insulin, respectively. However, insulin pretreatment did not significantly alter the Af-Art response to either Ang II (Fig. 4) or NE (Fig. 5) , although Ang II-induced vasoconstriction tended to be augmented in Af-Arts pretreated with 200,MU/ml insulin, it was not statistically significant.
Since prolonged pretreatment, but not the shorter exposure to insulin caused Af-Arts to constrict, we tested whether prolonged pretreatment ofEf-Arts with insulin alters Ef-Art diameter. For this, we pretreated Ef-Arts with either 20,MU/ml insulin or control medium and measured basal diameters (we used only 20,uU/ml insulin in Ef-Arts because the decrease in basal diameter of Af-Arts was the same with 20 MU/ ml or 200 MU/ ml). Unlike in Af-Arts, insulin pretreatment did not affect basal diameter of Ef-Arts (13.4±0.12 gm, n = 5 in nontreated Ef-Arts vs 13.2±0.37,gm, n = 5 in insulin-pretreated Ef-Arts).
Discussion
The role of insulin as a glucoregulatory hormone, as well as its contribution to the regulation of cellular metabolism and ion transport, has been extensively studied. More recently, the role of insulin in other physiological functions, such as the regulation of blood pressure and regional blood flow, has received increased attention. Indeed, in view ofthe abnormalities ofthe glomerular circulation that occur in diabetes mellitus ( 1-10), it has been proposed that insulin may be an important regulator of the renal circulation (7, 25, 26) . However, it has been difficult to establish whether insulin-induced changes in renal hemodynamics are attributable to its direct vascular actions. With the development of techniques that permit direct visualization of the glomerular arterioles, it has become possible to study the direct vascular actions of insulin on these arterioles. In the present study, we provide the first direct measurements of the effect of insulin on the diameter of isolated glomerular arterioles.
The effect of insulin on renal hemodynamics in vivo in normal animals and humans is variable. While some studies showed no effect on either GFR or renal blood flow (27), others showed increases in GFR, renal blood flow, or both (28) (29) (30) (31) (32) . The present study shows that insulin markedly reverses NE-induced constriction in isolated microperfused EfArts but not Af-Arts; the effect was evident at concentrations as low as 5 ,U/ml. On the other hand, pretreatment of the glomerular arterioles with insulin reduced basal luminal diameter of Af-Arts by 25%, but had no effect on the basal diameter of Ef-Arts, thus suggesting a paradoxical vasoconstrictive action on the Af-Art. Thus it appears that at physiological concentrations insulin per se has an effect on the glomerular arterioles, but this effect is strikingly different in Ef vs Af-Arts. However, our observations are not in complete agreement with the micropuncture study of Tucker et al (29) . They found that in normal rats, infusion ofinsulin in quantities that require significant glucose infusion (200-300 mg/ml per h) resulted in renal vasodilation that was primarily caused by decreased Af-Art resistance. (Although Ef-Art resistance also decreased, it was not statistically significant). While the reason for these discrepancies is not clear, it may be related to differences in species, doses of insulin used, as well as the presence or absence of indirect actions of insulin. For example, insulin is known to stimulate sodium and/or chloride reabsorption in the proximal tubule (33, 34) and loop of Henle (35) . This would reduce the sodium chloride concentration at the macula densa, resulting in predominant Af-Art vasodilation through the mechanism called tubuloglomerular feedback (tubular fluid was collected at the distal tubule in Tucker's study). Furthermore, insulin may decrease renin release and Ang II levels within the kidney and also interact with vasoactive substances, which may have influenced the results. Indeed, Tucker et al. observed that an inhibitor of thromboxane A2 synthesis abolished insulininduced vasodilation.
To study the effect of insulin on renal function in the absence of systemic hemodynamic and hormonal influences, Cohen et al. (28) used isolated perfused kidneys from normal rats. When insulin was added to the perfusate beginning at the time of isolation, basal GFR and renal blood flow were significantly higher compared to kidneys perfused with insulin-free solution. These effects were observed with physiological concentrations ( 10-100 gUU/ml) and suggest that insulin predominantly dilates the Af-Art. However, when kidneys were first perfused with insulin-free solution and preconstricted with Ang II, addition of insulin (albeit at higher concentrations: 1,000 ,uU/ml) caused renal vasodilation without altering GFR, thereby suggesting a predominant dilator effect on the Ef-Art, which is consistent with the present study. Their observations suggest that insulin altered Af-Art tone when it was given at the time of isolation, but not when it was added later. This finding is particularly interesting in view that we also found that Af-Art tone was affected by insulin pretreatment but not by adding insulin after the equilibration period. However, in contrast to Cohen's study, we found that insulin pretreatment constricted the AfArt. This effect was specific to Af-Arts, since insulin pretreatment did not affect basal diameter of Ef-Arts.
It is not clear why insulin reduced Af-Art diameter only when it was given from the onset of perfusion. It may be that a longer exposure to insulin might be needed to induce vasoconstriction, since Af-Arts were exposed to insulin for 100 min in the pretreated group but only 30 min when insulin was added after the equilibration period. Indeed, in coronary arteries insulin-induced contractile actions became apparent only after incubation for 120 min ( 18) . We have not tested this possibility because ofthe time restraints imposed on our preparation. It is also possible that an endogenous cofactor that was depleted during the equilibration period may be needed for insulin to cause effects that lead to increased basal tone: thus adding insulin after the equilibration period would no longer cause vasoconstriction. Such interrelationships have been reported previously; for example, insulin-induced antinatriuresis in the rat is only manifested in the presence of vasopressin (36) .
The mechanism by which insulin dilated Ef-Arts in our study is unclear. We found that blocking either EDRF/NO or PG synthesis (using L-NAME or indomethacin, respectively) failed to alter insulin-induced dilation of Ef-Arts. Thus our results suggest that neither EDRF/NO nor PGs are involved in insulin-induced dilation of Ef-Arts. In contrast, indomethacin reportedly inhibits insulin-induced renal vasodilation in the isolated perfused kidney (29) . The reason for the discrepancy is not clear, but may be related to species and/or preparation differences (particularly the presence or absence of structures such as collecting tubules and medullary interstitial cells, which are major sites ofPG production). Other possible mechanisms by which insulin may induce dilation of Ef-Arts include (a) reduction of calcium influx and/or increase in calcium effilux in the Ef-Art vascular smooth muscle cells (VSMC) as reported in rat aortic VSMCs (20, 21 ); and (b) hyperpolarization ofVSMCs that results from insulin's stimulatory effects on Na/K ATPase (37) (38) (39) (40) . Alternatively, since the Ef-Arts were perfused in an orthograde fashion through the glomerulus, it is possible that insulin acted upon glomerular cells, causing them to release a diffusible substance (other than EDRF/NO or PGs), which in turn dilated the Ef-Art.
This study supports the hypothesis that insulin per se can regulate glomerular hemodynamics. Thus, the increased glomerular plasma flow and capillary pressure that characterize the early stages of diabetes mellitus (3, 6-9) may be at least partially caused by insulinopenia (or insulin resistance). Indeed, Scholey and Meyer (7) reported that infusion of insulin into diabetic rats lowered glomerular capillary pressure, whether plasma glucose concentration was clamped at the hyperglycemic level or was allowed to fall to the normal range. While this suggests that insulin may have directly affected glomerular hemodynamics, involvement of hormonal changes was not ruled out. The insulin-induced decrease in glomerular capillary pressure was caused by an increased ratio of Af-vs Ef-Art resistance (predominantly because of a fall in Ef-Art resistance). This pattern of glomerular vascular reactivity to insulin is quite consistent with that found in the present study, namely Af-Art constriction with Ef-Art dilation. Thus these data support the concept that insulin decreases glomerular capillary pressure by acting directly upon the glomerular arterioles. However, comparison of our finding with reported insulin's effect in diabetic animals in vivo requires caution, since vascular response to insulin may differ in normal vs diabetic animals or even in diabetes of different duration (29, 41 ) .
In summary, we have shown that physiological concentrations ofinsulin have direct actions on glomerular arterioles that are markedly different in Af-vs Ef-Arts. Insulin caused dilation of Ef-Arts (but not Af-Arts) that was independent of EDRF/ NO and PGs. In addition, insulin pretreatment decreased basal diameter but had no effect on Ang II-or NE-induced constriction in Af-Arts. These results suggest that insulin per se may be important in the control ofglomerular hemodynamics. Its dilatory action on the Ef-Art, coupled with its constrictor action on the Af-Art, may partially account for its beneficial effect on glomerular hypertension.
